INTRODUCTION
The management of severe mitral regurgitation (MR) in patients at high surgical risk often represents a significant clinical challenge as clinicians have to weigh carefully the risks of open-heart surgery against the potential clinical benefit of mitral valve repair (MVR). The preferred surgical option in patients with degenerative MR is MVR owing to its favourable clinical outcome compared with mitral valve replacement. 1 2 However, in patients with functional MR, evidence in favour of MVR is less well established. 3 4 A percutaneous method for MVR has been developed. 5 This technique is based on the surgical method developed by Alfieri and allows edge-to-edge approximation of the middle scallops of the mitral valve leaflets by percutaneous delivery of a mitral clip, thereby creating a double-orifice mitral valve. 6 Initial clinical experience in humans shows that percutaneous edge-to-edge MVR can be performed safely and allows durable reduction of MR severity.
7e10 A recent randomised comparison with surgical mitral valve reconstruction or replacement showed that the percutaneous technique was safer, albeit with a slightly lower efficacy. 11 In previously published reports, haemodynamic success of mitral clip implantation has traditionally been assessed using Doppler echocardiographic parameters. However, assessment of MR parameters after clip implantation can be challenging, subject to operator experience and is associated with a considerable interobserver variability. 12 Additionally, procedural success of mitral clip implantation does not necessarily translate into haemodynamic improvement of cardiac performance. To date, limited data on the impact of percutaneous MVR on objective haemodynamic parameters from cardiac catheterisation are available. 13 Moreover, previously published reports had stringent inclusion criteria for valve morphology, left ventricular (LV) dimensions and function, and operability, and therefore potentially excluded a substantial number of patients who might have benefited from this procedure. 7 We therefore investigated haemodynamic parameters before and after mitral clip implantation obtained from invasive cardiac catheterisation in patients at high surgical risk undergoing percutaneous edge-to-edge MVR.
MATERIALS AND METHODS Patient population and study design
The study included consecutive patients undergoing percutaneous MVR at the University Hospital of Zurich, Switzerland. Indications for treatment of MR and individual surgical risk were assessed by an interdisciplinary team of interventional cardiologists, echocardiographers, cardiac anaesthetists and cardiac surgeons. Patients were selected for the procedure if they had moderate-tosevere (3+) or severe (4+) MR of functional or degenerative origin as graded according to the recommendations of the American Society of Echocardiography (ASE), 12 and met class I or IIa indications for mitral valve surgery as recommended by the 2006 American College of Cardiology (ACC)/American Heart Association (AHA) guidelines for management of patients with valvular heart disease.
14 A key additional inclusion criterion was a high surgical risk defined by a logistic European System for Cardiac Operative Risk Evaluation (EuroSCORE) 15 mortality >20% or by the presence of specific surgical risk factors not covered by the EuroSCORE (ie, frailty, immunosuppressive therapy). Exclusion criteria were rheumatic heart disease, endocarditis, a mitral valve orifice area #2.0 cm 2 , extensive prolapse of flail leaflets (prolapse width >25 mm, flail gap >20 mm) or any interventional or surgical procedure within 30 days of the index procedure. The study protocol was approved by the local institutional review board and all patients gave written informed consent.
MVR procedure
The percutaneous MVR procedure was performed under general anaesthesia with fluoroscopy and three-dimensional transoesophageal echocardiographic (3D TOE) guidance using the MitraClip device (Evalve Inc, Menlo Park, California, USA) via a femoral venous approach. The procedure was performed under general anaesthesia (because of the need for TOE) with a continuous infusion of intravenous propofol and remifentanil. Patients were ventilated routinely with an inspiratory oxygen fraction of 80%, which was maintained over the entire procedure. After trans-septal puncture, the trans-septal sheath was exchanged by a steerable 24 F guide catheter through which the clip delivery system was advanced into the left atrium. Thereafter, the MitraClip device was manoeuvred into the left ventricle and aligned with the origin of the regurgitant jet using prespecified 3D TOE views, as previously described. 16 Once the correct position was assured, the clip was pushed below the level of the mitral leaflets. After opening the two arms of the clip, the device was retracted until both leaflets were grasped and was then closed to approximate both scallops and restore coaptation. Careful consideration was given to a perpendicular orientation of the clip arms with regard to the leaflet edges before closing the clip. Mitral valve function and reduction of MR was immediately assessed by 3D TOE and haemodynamic measurements. If necessary, the device could be repositioned by reopening the arms and releasing the leaflets. Acute procedural success (APS) was defined as successful MitraClip implantation with MR reduction to grade 2+ or less. If APS was achieved, the clip was deployed and the delivery system withdrawn. Repeat clip insertion could be performed if the haemodynamic result was inadequate after the first clip had been implanted.
Invasive haemodynamic data
Invasive haemodynamic monitoring (continuous tracings of LV filling pressures (LV end-diastolic pressure (LVEDP)) and systolic arterial pressure) was conducted during the entire procedure by retrograde placement of a 5 F pigtail catheter into the left ventricle. Before and immediately after percutaneous MVR, right heart catheterisation was performed using a 6 F singlelumen, balloon-tipped, flow-directed SwaneGanz catheter (Arrow International, Inc, Reading, Pennsylvania, USA) to obtain pulmonary capillary wedge pressure (PCWP), pulmonary artery pressure (PAP), pulmonary artery oxygen saturation and right atrial pressure (RAP). Systemic arterial oxygen saturation was obtained from the LV pigtail catheter. Left atrial pressure (LAP) was measured through the trans-septal sheath. Cardiac output (CO) and cardiac index (CI) were calculated by the Fick method.
17 Systemic (SVR) and pulmonary vascular resistance (PVR) were calculated as the ratio between the pressure drop along the vascular bed and the cardiac output and converted in metric units (dyn3s3cm
À5
). A baseline haemodynamic study in a conscious non-sedated state was available in 39 (78%) patients to document the effects of general anaesthesia on haemodynamic values before the MVR procedure (median (IQR) time interval 19 (4e43) days).
Follow-up
Clinical follow-up was obtained at 3, 6 and 12 months after percutaneous MVR including assessment of New York Heart Association (NYHA) functional status. Adverse cardiovascular events included death, rehospitalisation for congestive heart failure (CHF) and surgical reoperation for MR. Severity of residual MR was assessed by transthoracic echocardiography 3 months after the MVR procedure and graded according to ASE recommendations, 12 and LV volumes, LV ejection fraction and left atrial (LA) diameter (on parasternal M-mode) were recorded.
Statistical analysis
Statistical analysis was performed using the SPSS software package (SPSS 12.0.1 for Windows, SPSS Corp). Quantitative data are expressed as mean6SD and categorical data given as proportions and percentages. Statistical comparison of quantitative data was performed using a paired two-tailed Student t test. Comparison of categorical data was conducted with Fisher's exact test. Survival free of major cardiovascular events was analysed using the KaplaneMeier method. The predictive value of haemodynamic parameters for outcome variables was assessed using receiver operating characteristics analysis. Additionally, univariate Cox regression analysis was employed to identify haemodynamic predictors of events and the results given as HR with their respective 95% CIs. A p value <0.05 was considered statistically significant for all tests.
RESULTS

Patient population
Between May 2009 and December 2010, 50 consecutive patients underwent percutaneous MVR at our institution. The mean age was 74614 years and 18 (36%) were female. The clinical characteristics of our study population are given in table 1. All patients had a history of CHF and 43 (86%) patients were in NYHA functional class III-IV. Estimated surgical risk was high with a EuroSCORE mortality, STS mortality, and STS mortality and morbidity score of 26614 (range 8e73), 766% (range 0e35%) and 35619% (range 8e76%), respectively. Sixteen (32%) patients had a EuroSCORE <20 but were considered high risk for surgery owing to previous complex cardiac or aortic surgery (n¼5), frailty (n¼7), excessive alcohol consumption (n¼1), extreme obesity (n¼1), cancer (n¼1), multiple sclerosis (n¼1), immunosuppressive therapy (n¼1), thrombocytopenia (n¼1), or because of refusal to undergo surgery (n¼2). The aetiology of MR is shown in table 2. A functional mechanism was identified in 28 (56%) of patients, whereas a degenerative aetiology was present in 15 (30%) patients.
MVR procedure
The results of the MVR procedure and in-hospital outcomes are given in table 3. APS was achieved in 46 (92%) patients. Failed procedures were encountered in three patients with functional and one patient with mixed MR. Reasons for procedural failure were inability to properly grasp both leaflets in a patient with a commissural flail (n¼1), inability to deploy the clip at the target region owing to massive left atrial enlargement (n¼1), inappropriate visualisation of the posterior leaflet owing to annular calcification (n¼1) and procedure-related chordal rupture with secondary aggravation of MR (n¼1). There were no procedural deaths. The patient with the massive LA dilatation died on the 15th post-interventional day owing to severe congestive heart failure and was the only in-hospital death reported in our series.
Overall, complications from mitral clipping procedures were rare (table 3) and length of stay in high-dependency units was short. Two patients (4%) underwent immediate closure of iatrogenic atrial septal defect using an Amplatzer occluder and two patients (4%) required intra-aortic balloon counterpulsation owing to haemodynamic instability during the procedure (both patients with procedural failure). None of the patients had access-site complications, bleeding requiring transfusion, pacemaker lead displacement, or in-hospital infection.
Haemodynamic data
Invasive haemodynamic data were available at baseline (during the screening phase) in a conscious non-sedated state in 39 (78%) patients and during the MVR procedure immediately before and after MitraClip deployment in all 50 patients.
Immediate haemodynamic changes during the MVR procedures are shown in table 4 (values obtained under general anaesthesia during the index procedure immediately before and after MVR). Mitral valve clipping significantly reduced mean SVR (from 9856414 to 7916255 dyn3s3cm À5 ), mean PCWP (from 1767 to 1265 mm Hg), PCWP v-wave (from 24611 to 1667 mm Hg), mean LAP (from 1667 to 1265 mm Hg), LAP v-wave (from 27614 to 18610 mm Hg) and mean PAP (from 29612 to 2466 mm Hg). There was no change in mean arterial Data are given as absolute numbers and percentages. PM/CRT/ICD lead displacement, n (%) 0 (0) Clip-related chordal rupture, n (%) 1 (2) In hospital infection, n (%) 0 (0) In-hospital congestive heart failure, n (%) 5 (10) In-hospital arrhythmia, n (%) 1 (2) Early mitral valve surgery, n (%) 2 (4) In-hospital death, n (%) 1 (2) Hospital stay (days)* 5 (1e60) 
Follow-up
Follow-up data were obtained in all 50 patients. Over a followup of 2206179 days, 12 (24%) patients had an adverse cardiovascular event (death (n¼7), open-heart surgery for MR (n¼4), or hospitalisation for CHF (n¼7)). Figure 3 shows changes in NYHA functional status and MR severity on follow-up. At 3 months after MVR, a decrease was noted in LV end-diastolic volume (from 1636111 to 143699 ml, p¼0.01) and LV endsystolic volume (from 986102 to 68686 ml, p¼0.002). However, no significant changes were noted in LV ejection fraction (from 47618% to 47616%,p¼0.61) or LA diameter (from 54614 to 5269 mm, p¼0.83).
The area under the receiver operating characteristics curve with respect to outcome (death, open-heart surgery for MR, hospitalisation for CHF) was large for changes in PCWP v-wave, mPCWP and mPAP but small for changes in CI (figure 4). A reduction in mPCWP by 1 mm Hg and in PCWP v-wave by 4 mm Hg provided the best cut-off point to predict events on 
DISCUSSION
This study documents an improvement in haemodynamic profile immediately after percutaneous edge-to-edge MVR with the MitraClip system measured by right heart catheterisation in a series of 50 consecutive patients with predominantly functional MR. Mitral clipping resulted in an increase in CI by 32% and a reduction in mean PCWP and PAP by 20% and 8%, respectively. Most importantly, the acute haemodynamic improvement was associated with a favourable mid-term outcome. At 3 months, 79% of patients were in NYHA functional class IeII and 72% had 1+ to 2+ grade MR, supporting the validity and durability of acute haemodynamic improvements. A decrease in PCWP v-wave, mPCWP and mPAP immediately after mitral valve clipping was predictive of a favourable cardiac outcome over a mean follow-up of 220 days with lower risk for death, open surgery for MR and hospitalisation for CHF. Additionally, a significant improvement in NYHA functional class after 3 months was seen, suggesting that the acute lowering of pulmonary pressures was preserved over a longer period and translated into an improved functional capacity.
Our results are in line with haemodynamic data obtained from the pivotal EVEREST trial, although subtle differences should be noted. In their recent publication, Siegel and colleagues 13 report a similar reduction in SVR and an increase in CI. However, in contrast to our findings, they found a significant reduction of LVEDP while PCWP (mean and v-wave) and PAP were unchanged after percutaneous MVR. These discrepancies are probably related to significant differences in patients' baseline characteristics. While the EVEREST trial included mainly patients with degenerative MR and had very stringent inclusion criteria for valve morphology and LV dimensions and function, 7 8 11 13 our study population consisted predominantly of patients with functional MR and impaired LV function. Therefore, we hypothesise that eliminating regurgitant flow into the left atrium and the pulmonary veins reduced pulmonary pressures, while the acute increase in afterload (by removing the low-impedance regurgitant flow) imposed on a compromised left ventricle was responsible for the lack of changes in LVEDP. Nonetheless, CI increased after percutaneous MVR, indicating that the positive effects of removing regurgitant flow outweighed the potentially harmful increase in afterload, and thereby improved cardiac forward output. Of note, none of the patients with successful MitraClip implantation experienced an acute low output state after the procedure.
While MVR is an established treatment for patients with degenerative MR, its role in the management of functional MR is matter of continuing debate. 18 In patients with ischaemic cardiomyopathy or with acute coronary syndrome, functional MR is an independent predictor of cardiovascular death with a relative risk varying from 1.5 to 7.5.
19e22 However, until now, there has been a lack of evidence to suggest that correction of functional MR may reduce cardiovascular events. 23 24 At present, the AHA/ACC 14 and the European guidelines 25 have given IIb recommendations for surgical repair of functional MR in patients who are unsuitable for coronary revascularisation. This is explained by the understandable concern obtained from observation of surgical series that the potential increase in LV afterload, owing to the elimination of the low-impedance regurgitant flow into the left atrium, may affect ventricular performance and result in an acute postoperative low-output state. 1 However, percutaneous MVR provides a unique pathophysiological model for assessing haemodynamic changes of MR reduction on LV performance, eliminating any confounding effects from cardiopulmonary bypass. Our results in a population with predominantly functional MR, reduced LV function and dilated left ventricle argue against a detrimental effect of MR reduction, and support the use of percutaneous MVR.
Larger trials with more homogeneous populations will be needed to confirm these results.
Finally, the use of transoesophageal echocardiography to assess suitability for percutaneous MVR should be emphasised. Although there is no objective data to suggest a benefit of 3D over 2D echo, 3D visualisation (by 'live 3D' or '3D zoom' modes) may provide useful information on mitral valve anatomy and allows the orientation of the device in 3D. Additionally, the unique ability of 3D echocardiography to provide simultaneous views of the mitral valve (so called 'xPlane view') is crucial for adequate clip placement. Finally, 'full volume colour Doppler' loops are helpful for determining the presence and location of residual jets after clip placement and facilitate correct placement of additional clips.
Limitations
Given the novelty of percutaneous MVR this report included a small number of patients. The limited number of patients also precluded a multivariate analysis to identify predictors for a haemodynamic improvement after MVR. Therefore, this report should be considered as preliminary and hypothesisgenerating and should encourage larger studies to confirm our results.
Right heart catheterisation was performed under general anaesthesia. This led to underestimation of pulmonary artery and capillary wedge pressure and lowering of LV pre-and afterload compared with the conscious state. A comparison with baseline variables obtained in a subgroup of patients indicates marked changes in haemodynamic profiles induced by general anaesthesia (table 4) . Additionally, hyperoxygenation resulted in higher mixed venous oxygen saturations and, consequently, higher values for CO and CI calculated by the Fick method than would by expected for this population. An alternative would have been to perform thermodilution measurement of CO. However, the high prevalence of significant tricuspid regurgitation would have affected the validity of results. Additionally, although oximetry was performed with the trans-septal sheath in place, left-to-right shunting from iatrogenic atrial septal defect may have artificially increased CI values.
This study assessed only acute changes in haemodynamic profile. We did not repeat right heart catheterisation on follow-up as this would have required subjecting patients to a repeat invasive study, which was not part of the study Figure 4 Receiver operating characteristics analysis for haemodynamic variables to predict events (death, open-heart surgery for mitral regurgitation, hospitalisation for congestive heart failure) with their respective area under the curve (AUC) given below. mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure.
protocol. Therefore it is unclear whether the observed haemodynamic improvements are maintained over a longer period of time.
Finally, we did not perform calculations of effective regurgitant orifice area using the proximal isovelocity surface area method before and after MVR. This method has not been validated for double-orifice mitral valves and therefore the validity of results after MVR would have been questionable.
